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Abstract 
Recent advances in sequencing technology and genome editing tools, had an 
indisputably enormous impact on our understanding of complex biological pathways 
and their genetic and epigenetic regulation. Unlike genetics, a study of phenotype 
development as a result of genotypic diversity, epigenetics studies the emergence of 
(possibly heritable) phenotypic assortment from one DNA sequence. Epigenetic 
modifications (i.e. DNA methylation, histone tail modifications, ncRNA 
interference, and many others) are diverse and can bring an additional layer of 
complexity to phenotype development and it’s inheritance. Still, today, detailed 
mechanisms behind the development of epigenetic marks, their interaction, and their 
role in transgenerational inheritance of phenotypes are not fully understood. 
Therefore, chromatin biology and epigenetic research have a rich history of chasing 
discoveries in a variety of model organisms, including yeast, worms, flies, fish, and 
plants. Use of these models has opened numerous new avenues for investigation in 
the field. In the coming future, model organisms will continue to serve as an 
inseparable part of studies related to interpreting complex genomic and epigenomic 
data, gene-protein functional relationship, various diseases pathways, aging, and 
many others. Use of the model organism will provide insights not only to novel 
genetic players, but also the profound impact of epigenetics on phenotype 
development. Here, we present a brief overview of the most commonly used non-
mammalian model organism (i.e. fruit fly, nematode worm, zebrafish, and yeast) as 
potential experimental systems for epigenetic studies.  
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Introduction 
In the past few decades, inheritance has been described as the transfer of 
phenotypes from ancestors to their descendants through an exclusive transmission 
of genotype, that is  DNA sequence variation. More recently, advanced molecular 
studies have shown that the inheritance of phenotypes does not only occur through 
genetic variation but also through “epigenetics” variations. In the modern aspects, 
epigenetics has been defined as “the long-term or stable regulation of gene 
expression and function induced by environmental factors without a change in the 
chromosome or DNA sequence”- a definition that was formulated in 2008 at a Cold 
Spring Harbor meeting.1 In this context, “Epigenetic inheritance” is defined as 
mechanisms that permit the stable transmission of parental environment-induced 
phenotypic traits to a subsequent generation or generations without any alteration in 
the DNA sequence.  
Numerous mechanisms for epigenetic modifications have been described in 
variuse organisms, and new mechanisms are likely to be discovered. Key 
mechanisms underlying epigenetic modifications include chromatin remodeling 
through methylation of cytosine in CpG dinucleotides (often referred to as DNA 
methylation), histone lysine tail modification, and post-translational modification of 
genes regulation by non-coding/small RNA (ncRNA/sRNA). Collectively, these 
processes and their components, individually or together,  play a key role in turning 
gene expression on or off, thus facilitating or inhibiting the production of specific 
proteins.  
 
DNA methylation 
In 1969, Griffith and Mahler described, for the very first time, the possible 
role of DNA methylation as an important modification in biological processes.2 Ever 
since, due to the transgenerational stability, DNA methylation has been given a 
countless attention by researchers and is still the most studied epigenetic mark. The 
potential of DNA methylation, as a heritable epigenetic mark, has been reported in 
a few studies.3-5  
DNA methylation can occur throughout the genome, both in the promoter and 
open reading frame regions.6,7 DNA methylation occurs when in presence of DNA 
methyltransferase, a methyl (CH3) group from S-adenosyl-L-methionine (SAM) is 
attached to the fifth carbon atom of a cytosine or at the sixth nitrogen atom of 
adenine.8 This biochemical modification can remodel chromatin by affecting the 
coiling of DNA around histones and changes the possibility for transcriptional 
factors to bind the DNA. The position of DNA methylation relative to the gene (i.e., 
exon, transcriptional start site, or promoter) determines the possibility for gene 
expression. For example, gene body methylation has multiple functions, that 
includes suppressing intragenic promoter activity,9 alternative splicing10 and 
controlling transcriptional elongation,11 ensuring that the first and the last exons are 
included in a transcript10, while DNA methylation at the 5ˊ end of the gene was 
linked to gene silencing.12 
Despite the variability,  DNA methylation machinery is relatively conserved 
across various organisms.13 However, the absolute levels and patterns of DNA 
methylation may vary substantially between different tissues and developmental 
stages within an organism, across species, and can be directly modulated by extrinsic 
environmental cues.14 For example, the methylation level of DNA cytosine in the 
invertebrate can be 0 % like in the nematode worm Caenorhabditis elegans15 or very 
low (between 0.1 and 0.4% of the DNA cytosine) like in the fruit fly Drosophila 
melanogaster16 or the aquatic invertebrate Artemia.17 In the genome of honey bee 
Apis mellifera and the wasp Nasonia vitripennis, all the three orthologous of DNMTs 
are found and CpG methylation has been observed in several genes, with the global 
DNA methylation level of about 1.5% of total cytosine.18 In contrast, vertebrates, 
have relatively higher levels of DNA methylation. In mammalian somatic tissues, 
the genomic DNA is hypermethylated at 70 - 80% of all CpG sites across the 
genome.19 Variations in the methylation levels across species suggest that DNA 
methylation may have different functions in different organisms.20 
 
Histone modifications  
Even though histones were isolated and discovered, in 1884  by Albrecht 
Kossel, their complex modifications and their role in the regulating and remodeling 
the chromatin was dissected only within the past three decades.20 Until 1990, histone 
function was considered as repetitive entities for structuring and compacting DNA 
in form of a nucleosome, a view that defines the primary roles of histone still today. 
However, at present,  histones are not only considered as packaging units for DNA 
but also for their key roles in gene expression regulation,  repairing DNA damage, 
DNA replication and recombination, and heritable phenotype development through 
epigenetic modifications.17,21-23 
Apart from the small globular structure, histones contain a more flexible and 
charged NH2-terminus named “histone lysine tail (K)”. Histone tail protrudes from 
the nucleosome and contains 25-30 basic amino acids rich residues.24 Post-
translational modifications of these tails determine the affinity of the histones for 
each other, for DNA and for other chromatin-associated.25-27 The exquisite variations 
in covalent modifications (acetylation, phosphorylation, methylation or 
ubiquitination) on the histone tail regulate the chromatin remodeling and terms of 
interaction with the underlying DNA. These modifications are regulated by highly 
specific enzymes.28 Despite massive numbers of detected residuals for the histones,  
many more are expected to be discovered. This infinite enzymatically regulated 
array of modifications enables organisms to adapt to its new conditions through 
mounting rapid functional responses.20 
Even though histone modification and DNA methylation occur through 
different chemical/biochemical processes and require different sets of enzymes, 
increasing evidence showed a strong cross-talk between the two processes.29-31  This 
interaction suggests that these mechanisms act together in modulating gene 
expression programming within organisms.32 It is not known how cross‐talk between 
these two systems is mediated, but data implies that, in at least some circumstances, 
changes to histone modifications may be induced prior to methylation changes that 
then serve as more stable epigenetic marks.34 
 
Non-coding RNA  
Small non-coding RNAs (ncRNAs) are short RNA molecules that are not 
directly responsible for coding a protein. These small molecules are about 20-30 
nucleotides long with a two-base overhang at the 3' end. The ncRNAs are considered 
as powerful regulators of gene expression and genome stability.34 Short interfering 
RNAs (siRNAs), microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) are 
the members of ncRNA group.35 These ncRNAs have been claimed to be responsible 
for regulating the expression of about 50% of the genes in a cell at the post-
transcriptional level.36 For example, siRNAs are 21–22 nucleotides in length and are 
produced from endogenous double-stranded RNA. These siRNA’s can sustain 
genome integrity in response to foreign or invasive nucleic acids, such as viruses, 
transposons, and transgenes by silencing their encoding DNA.5,37,38 On the other 
hand, the majority of miRNAs, exhibit heterotypic silencing and are regulators of 
endogenous genes.35 Compared to siRNAs, piRNAs are quite larger (23–29 
nucleotides) and are produced by a different mechanism (reviewed by39). The 
piRNAs were discovered in germ‐line cells, but soon after they were reported for 
being widely distributed throughout somatic tissues.5 In germ‐line cells, the role of 
piRNAs is to silence transposon via chromatin remodeling.40,41 
In addition to the classical ‘epigenetic systems’ that included chromatin 
remodeling through DNA methylation or histone tail modification as described in 
the above sections, ncRNA were also reported to possess epigenetic potential. It has 
been proposed that some environmental cues can modulate the expression of genes 
through inducing expression of new or removal of old ncRNAs.35 Additionally, a 
few studies have provided evidences  for the direct involvement of ncRNAs in the 
parental environment-induced epigenetic inheritance of phenotypes.42,43 
Furthermore, tRNA-derived small RNA fragments in sperm were reported for 
representing a paternal epigenetic factor that contributes to the intergenerational 
inheritance of diet-induced metabolic disorders, suggesting new roles for these 
epigenetic marks in transmitting metabolic disorders across generations.44,45 
 
Understanding epigenetics through non-mammalian model organisms 
It has been reported that the epigenetically induced acquired traits can persist 
throughout life and also can transmit to subsequent generation(s). Non-mammalian 
model organisms are non-human species with more simple biological pathways that 
are used by researchers for fundamental studies.  
For studying biological processes where epigenetics had been involved during 
the environmentally induced adaptation, various model and non-model organisms 
have been used. Model organisms have been instrumental in providing insight into 
many biological problems and for revealing fundamental mechanisms that underlie 
disease. More recently, non-mammalian models have been frequently used to 
discover the genetic and epigenetic mechanisms behind phenotype development. In 
fact, many of the epigenetic studies were performed using the organisms, such as 
Drosophila, nematode worm, zebrafish, and yeast. It is because these organisms 
have a small size, relatively easier husbandry, short generation time and high 
numbers of offspring. Small and prolific invertebrates, such as C. elegans and D. 
melanogaster, can provide a strong basis for unbiased genetic screens that identify 
and determine the precise functions of novel genes and their epigenetic profiles that 
regulate phenotypes transgenerationally and evolutionally. In this chapter, we 
provide a brief overview of the use of these organisms for the study of epigenetics. 
 
Zebrafish 
Zebrafish (Danio rerio) can be used extensively as a model in studying 
evolutionarily conserved phenomena in vertebrates. Zebrafish is a small tropical 
freshwater fish which can be found in the inland water bodies in the Himalayan 
region. The species has been long considered as a non-mammalian vertebrate model 
organism and is widely used to study a broad range of molecular, medical and 
biological phenomena. The idea of using zebrafish as a model organism has been 
established in 1970s by George Streisinger in Eugene, Oregon, by developing 
different methods of feeding and breeding to those of homozygous diploids; by early 
pressure and gamma‐ray mutagenesis.46,47 From that point, many studies in the field 
of developmental biology were inspired by the use of this animal model.48-51 More 
importantly, zebrafish had a significant impact on our understanding of 
embryogenesis. Zebrafish embryos are transparent and therefore, it is possible to 
follow the cell differentiation and organ developments during different 
developmental stages in a fertilized egg. Additionally, zebrafish embryos are 
relatively permeable to water-soluble molecules, which makes them ideal for drug 
discovery, monitoring the toxicants and identifying pollutants.52 It has been reported 
that the genome of zebrafish has approximately 70% homology with that of 
human’s. In general, about  99% of essential zebrafish embryonic genes are 
homologous to the ones that are the key regulators of human embryonic 
development.53 
More recently, zebrafish has drawn attention as a model for studying 
epigenetics; in particular its role in phenotypic development in response to 
environmental cues and also in disease development. Zebrafish has been considered 
as a valuable animal model for exploring both within a generation and 
transgenerational epigenetic variations that are induced by a wide range of 
environmental stimuli. For this purpose, a special attention was given to changes in 
DNA methylation pattern in response to environmental insults.50 Also by using 
comparative genomics and developmental genetics, epigenetic regulators driving 
oncogenesis were identified in zebrafish model;48,49  The use of this model has been 
extended to study the epigenetic modifications that are the regulators of obesity, 
diabetes54, intestinal development55  and even aging .56,57  A gradual and significant 
loss of DNA methylation was found, durinf the aging, in  3, 18, and 30-month-old 
zebrafish.56 
Also, the model has significantly contributed to various fields of biomedical 
sciences. However, due to the functional link between epigenetic (re)programming 
and DNA methylation, most of the studies focused on this modification so far50  and 
the advanced study of other epigenetic modifications that can play crucial roles in 
the development of certain phenotypes are yet to be performed.  
 
Drosophila 
Several insect models have long been used to study phenotypic plasticity and 
heritability of epigenetically-mediated phenotypes. Amongst all, fruit fly 
(Drosophila) is one of the most studied one. Many genes identified 
in Drosophila spp are evolutionary conserved. In addition, some of these conserved 
genes are responsible for encoding proteins with enzymatic activities that are 
attractive targets for pharmaceutical intervention.58 In terms of epigenetics studies, 
it is notable that the modern concept of epigenetics can be traced to earlier 
observations of variegating eye color in Drosophila that was changing from 
generation to generation.59 This was the beginning for consideration of a third 
dimension for the DNA in regard to the development of plasticy through past 
experience, and an impact on the concept of future beyond DNA mutations60. In 
another study, Muller60 showed that the gene that was translocated to a location 
adjacent to a repressed heterochromatic part of the chromosome, was expressed in a 
variegated manner and despite a homogeneous genotype of the cells, gave rise to 
phenotypic mosaicism in Drosophila. Another strong link between epigenetic 
phenomena and histone marks in Drosophila was established decades later. This was 
the first study that showed that genes belonging to the Polycomb group (PcG) 
and trithorax group (trxG), can mediate the epigenetic maintenance of cell identity 
and embryonic patterning.61 The biochemical characterization of the protein 
complexes containing the products of these genes revealed that they act on chromatin 
by either placing or recognizing some of the most intensely studied histone marks, 
such as the methylation of histone H3 lysine 27 (H3K27me) and H3K4me3. These 
modifications are linked to PcG and trxG function, respectively.62 In another study 
in the Drosophila model of paternal-diet-induced intergenerational metabolic 
reprogramming, it was revealed that an acute sugar dietary intervention in fathers 
elicited obesity in the F1 progeny via the male germline.63 Using identical or 
comparable position-effect variegation lines, the authors further revealed that this 
intergenerational reprogramming in response to dietary manipulation modified the 
chromatin state and transcription in offspring in a manner sensitive to the functions 
of Polycomb, enhancer of zeste [E(z), a histone H3K27 methyltransferase], SetDB1 
(a H3K9 histone methyltransferase), Su(var)3-9 (a H3K9 histone 
methyltransferase), and heterochromatin protein 1 (HP1). Numerous genes vital to 
both cytosolic and mitochondrial metabolism appeared to be embedded into 
H3K9me3- and polycomb-controlled regions. Chromatin-dependent transcriptional 
depression in the sperm of high-sugar-fed males was also observed, suggesting that 
chromatin-dependent signatures of metabolic reprogramming are forecast in the 
paternal germline.63 Another relevant example of transgenerational inheritance of 
acquired traits in response to environmental stress was reported in a study using 
Drosophila as a model.64 The authors demonstrated that heat shock-induced changes 
in heterochromatin are transmitted to successive generations. Specifically, a 
transcription factor, Drosophila activation transcription factor 2 (dATF-2), the 
homolog of which functions in the nucleation and spread of heterochromatin in 
fission yeast65, was shown to be involved in the heat shock-induced epigenetic 
inheritance Using position-effect variegation-mediated alterations in white gene 
silencing as a read-out of heterochromatin formation, the same authors  showed that, 
upon heat shock or osmotic stress, dATF-2 was phosphorylated by stress-activated 
protein kinases such as p38, which in turn led to the release of phosphorylated dATF-
2 from the heterochromatin region. The stress-induced heterochromatin disruption 
was found to be transmitted through the germline. The phenotypes examined (eye 
color and wing notches) eventually faded and disappeared in successive generations 
unless the stress was applied.64 More recently role of epigenetic modifications on 
aging has been reported using Drosophila as a model organism.66 Since aging is 
considered as foremost risk factor for neurodegenerative diseases, understanding 
gene expression mechanisms that affect healthy brain aging can lead to new 
insights into genes that modulate susceptibility to these diseases.66 Drosophila as 
a model for epigenetics studies paved the way for understanding several key 
regulatory pathways in human aging and disease development.  
 
C. elegans 
At about 4 decades ago, there were fundamental studies indicating the 
possibility for genetic manipulation of nematode worm (C. elegans) which was the 
starting point for making some paradigm-shifting discoveries in biology.67 Since the 
1970s, C. elegans  has been used not only as a genetic model system but also as a 
model in which a mechanistic understanding of epigenetic processes is being 
studied, thus allowing the examination of transgenerational inheritance patterns.68,69 
Developmental biology studies that were performed using C. elegans as model 
organism were the first to demonstrate developmental signal-transduction pathways; 
how the environment works in concertation with genetic pathways in regulating 
developmental processes such as dauer formation, the neuronal circuitry essential to 
sense environmental cues, and the identification and the role that  microRNAs have 
on development.70-73  To date, the model continues to successfully contribute to the 
growing field of environmental epigenetics, that defines the impacts of 
environmental insults on epigenetic patterns and machinery.74 At present, C. elegans 
has been also considered as an established  model for human and ecological toxicity 
and genotoxicity studies.75-77 C. elegans has a holocentric chromosome, which 
makes it unique among the genetic model systems that were used to study 
chromosomal biology.78 Additionally, chromosome biology can be easily studied in 
the meiotic cells of the germline and in the mitotic cells of a developing embryo, 
thus allowing for the analysis of chromatin modifications during the development.79 
Based on the genome-wide analyses of histone modifications and histone variants, 
it was shown that the chromatin from C. elegans is at least 80% identical (in amino-
acid sequence) to that of human core histones (H3 and H4 proteins with 97% and 
98% similarity to their respective counterparts in humans.68,80 The first ncRNA 
(miRNAs) was described in C. elegans and was associated with embryonic 
development.81 Embryogenic studies using C. elegans demonstrated a 
transgenerational epigenetic inheritance mechanism, initially induced by piRNAs, 
with the participation of sncRNAs and chromatin pathways that can elicit a long-
term epigenetic memory for more than 24 generations in germ cells.82 By using all 
the available molecular tools available for C. elegans, this model continues to 
significantly contribute to new advancements and discovery in various biological 
fields, including epigenetics. 
 Yeast 
The unique monocellular eukaryotic organisms, Saccharomyces cerevisiae 
and Schizosaccharomyces pombe, have significantly contributed to our 
understanding of epigenetic phenomena. The possibility for using yeast as a model 
organism in modern biology studies was first proposed by Botstein & Fink83. The 
idea that yeast can be used as a model for studying biological functions of different 
eukaryotes, derives from the possibility for establishing a strong functional 
relationship between gene structure and protein function in this organism.83,84 
Comparison of the yeast genomic sequences with those of other model systems, 
including the human, led quickly to the realization that both protein amino acid 
sequences and protein functions have been conserved well enough that allows a 
transferable interpretation from one eukaryotic species to another. Since functional 
information must ultimately be obtained by experiment, this realization emphasized 
the advantages of yeast as a model experimental system. Due to its short generation 
time (∼90 min) and modest culturing requirements, yeast can also be grown rapidly 
in high-throughput experimental setups.85 Observations of telomere position effect 
in yeast were one of the successful studies that clearly emphasized on the possibility 
for switching between phenotypes without genotypic change.86 However, the main 
drawback of the model for being use in epigenetics studies is their monocellular 
nature which limits them in the epigenetic modifications. On the other hand, yeast 
genome contains regions that must be kept silent in most circumstances (e.g. 
subtelomeric sequences and the mating type locus) and this requires chromatin 
remodeling.87 Even though S. cerevisiae lacks several types of machinery related to 
epigenetic modification, including DNA methylation and is limited in the histone 
modifying  enzymes that are involved in development of common  histone marks in 
plants and metazoans, the cells exhibit a complex network of histone acetylation and 
deacetylation to maintain silencing at heterochromatin regions.87,88 62 In this 
context, S. cerevisiae provides is a well-studied model system for heritable silent 
chromatin, in which a non-histone protein complex,  the SIR complex in yeast, 
represses genes by spreading in a sequence-independent manner, much like 
heterochromatin in higher eukaryotes.88 
 
Conclusions 
By applying various genetic, epigenetics, biochemical, and cytological tools, 
alone or in combination, in studies with non-mammalian model organisms, we could 
expand our understanding of fundamental principles for the various biological 
phenomenon in organisms. Since all living organisms share a common history of 
evolution, there are undeniable biological and phenotypic similarities between them 
and in many cases, they share the same with higher organisms including human. 
Therefore, by using organisms having simple biological pathways as model systems 
for studying the biological processes, we can use the information in understanding 
the occurrence of disease and/or maintenance of health in human as well as in other 
(farmed) living organisms. More advances in genome sequencing and also improved 
annotations provided more genetic and epigenetic information about these 
organisms. Therefore, established approaches and emerging ones combined with the 
advanced use of the model and non-model organisms will help us to shed more light 
on the roles of genes and the epigenome in the state of the organism.  
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